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Introduction
A predominantly asymmetric mass distribution (MD) of fission fragments (FFs) observed in spontaneous fission or in low-energy induced fission of actinide nuclei is usually attributed to the effects of shell structure of the fissioning parent nucleus or final FFs. Consequently, the asymmetry in the masses of fragments is believed * Corresponding author. E-mail address: nishio.katsuhisa@jaea.go.jp (K. Nishio). to be governed by spherical shell closures in the vicinity of 132 Sn (N = 82, Z = 50) or/and by deformed neutron shells (e.g., N = 88) [1] . Contrary to actinides, the low-energy fission of nuclei around 208 Pb (e.g. 212 Po) was found to produce a symmetric FFs mass distribution [2] . Some nuclides between the lead and actinide regions are known to have intermediate properties, which is reflected in a triple-humped structure of the mass distribution, arising from contributions of both symmetric and asymmetric mass splits [3, 4] . This was further confirmed for some of the neutron-deficient At-Ac (85 ≤ Z ≤ 89) isotopes using Coulomb excitation of relativistic radioactive beams in inverse kinematics at GSI [5] . The FFs mass distribution have also been studied for lighter elements (Ir-At, 77 ≤ Z ≤ 85) in the vicinity of 208 Pb [6] [7] [8] [9] . This is an interesting region of nuclei as far as the fission is concerned, which is characterized by a shorter saddle-to-scission distance in comparison to the heavy actinides. For example, a flat-top mass distribution was found for 198 Hg, 210 Po, 207 Bi, and some other nuclei [6, 7] , whereas for 201 Tl a dip in the mass distribution has been observed for symmetric mass divisions, at the excitation energies of 7-10 MeV above the top of the fission barrier, thus forming an apparently-looking double-peaked structure [6] . A small dip can also be guessed in the MD of 198 Hg measured at the excitation energy of 7.4 MeV [6] .
Recently, fission of the proton-rich nucleus 180 Hg ( Z = 80, N = 100) was investigated via the mechanism of the β + /EC-delayed fission (βDF) of 180 Tl [10, 11] . This is a unique system, with a low neutron-to-proton ratio of N/Z = 1.25, which is very different from typical values of N/Z ∼ 1.55 in the heavy actinide region.
Also the saddle point of 180 Hg is expected to have a much more elongated shape in comparison with that for the actinide nuclei. Already these peculiarities suggest the 180 Hg nucleus as an interesting system to study with respect to fission, in which unusual behavior might appear. Furthermore, the mechanism of βDF limits the maximum excitation energy E * max ( 180 Hg) of the fissioning daughter 180 Hg to Q EC ( 180 Tl) = 10.8M e V [12] , defining the process as the low-energy fission, in which shell effects are expected to be preserved. However, in contrast to the initial anticipation for the system to split symmetrically into two semi-magic 90 Zr ( Z = 40, N = 50) fragments, the 180 Hg nucleus showed a clearly pronounced mass-asymmetric fission, by generating FFs with most probable masses around Ā L = 80(1) and Ā H = 100(1).
The excitation energy dependence of the mass yields is another important aspects in fission studies. For actinide nuclei, it is known experimentally that the asymmetric FFs mass distribution, observed at the low excitation energy, changes to a single-Gaussian shape [13] with increasing excitation energy of a compound nucleus. As another example, a triple-humped FF mass distribution in the radium region also transits into a simple symmetric-fission mass curve with the increase of E * [14] . Such behavior is interpreted as being due to a weakening of the shell effects with growing excitation. However, the quantitative understanding of the shell damping as a function of excitation energy is still an open problem [15, 16] .
In this letter, we report on the experimental study of the FFs mass distributions, and their dependence on excitation energy, for the compound nuclei of 180 Hg and 190 Hg populated in fusion reactions of 36 Ar + 144 Sm and 36 Ar + 154 Sm, respectively. The 190 Hg nucleus lies between 180 Hg, which fissions asymmetrically at low energy, and 198 Hg, which fissions symmetrically [6, 7] , thus allowing the systematic trends to be established in the FFs mass distribution for a long chain of proton-rich mercury isotopes. Our earlier data for 180 Hg resulted in a series of calculations of mass yields and their energy dependence performed by different theory groups, see e.g. [17] [18] [19] [20] [21] [22] [23] . A comparison of the new data for fusion-fission reactions leading to 180, 190 Hg with the respective predictions will also be done in the present work.
Experimental setup
An 36 Ar beam of ∼2p n A in intensity, at several beam energies in the range of 148-198 MeV, was supplied by the tandem accelerator of Japan Atomic Energy Agency (JAEA). The 144,154 Sm targets were made by sputtering enriched 144,154 Sm materials (samarium fluoride) on 35 μg/cm 2 carbon foils. Isotopic abundances were 93.8% ( 144 Sm) and 98.9% ( 154 Sm). The typical thickness of the target layers was 70 μg/cm 2 . The experimental setup used in the present work was similar to that described in Ref. [24] . The target was mounted with the carbon backing facing the incoming beam. Both FFs were detected in coincidence using position-sensitive multi-wire proportional counters (MWPCs). The MWPCs have an active area of 200 mm (horizontal) × 120 mm (vertical). The emission angles θ 1 and θ 2 of FF1 and FF2 projected on the X -Z plane and the out-of-plane angles φ 1 and φ 2 were measured as defined in Fig. 1 (left). The detectors were located symmetrically around the beam axis( Z ) at θ 1 =−71 • for MWPC1 and θ 2 =+71 • for MWPC2. The distance between the target and the center of the cathodes was 211 mm. Each MWPC covered emission angles of ±25 • around the detector center. For the out-of-plane angles, each MWPC covered the range of 72 • ≤ φ i ≤ 108 • (i = 1, 2) at the detector center.
The detectors were operated with isobutane gas at a pressure of about 3T o r r . A 2μ m Mylar film coated with aluminum layer was used as the entrance window.
The time difference T was measured between the two fragments, with start and stop signals obtained from MWPC2 and MWPC1, along with the charges E 1 and E 2 induced in both MWPCs by passing nuclei. These charges are proportional to the energy deposited by the nuclei in the active detector area. Fig. 1 (a) gives an example of measured coincident events in the E 1 + E 2 vs T coordinate plane, for the 36 Ar + 144 Sm reaction at the incident beam energy of E beam = 166 MeV. Ac l e a r separation between FFs and scattered projectile and recoiled nuclei can be noted. A comparable separation of fission and scattered/recoiled nuclei was obtained for the other incident beam energies.
An additional way to distinquish FFs from the scattered projectile and recoiled nuclei is to exploit the difference in the reactions' kinematics. This is demonstrated in Fig. 1 (b) , where events are plotted in the θ 1 + θ 2 vs φ 1 + φ 2 coordinate plane, with angles determined from the incident positions in the two MWPCs. (see text) is also shown in parentheses. Solid curves are the results of fitting by assuming only a single asymmetric fission mode; the deconvolution between the light-and heavy-mass FFs is shown by dashed curves. Bottom panel: results from the βDF of 180 Tl (E * ( 180 Hg) < 10.8M e V ) from [10, 11] .
Calibration for the time difference
T was made from the elastic-recoil peak positions appearing in the T spectrum. The timing resolution of T was determined to be σ T = 0.7n s . FFs kinetic energies and masses were then deduced from the kinematic considerations as explained in Ref. [24] . The experimental mass resolution was obtained from the elastic scattering peak and amounted to σ m,exp = 2.4u . The precision on the sum energy of elastically scattered projectiles and recoiled nuclei was estimated to be σ ela+rec = 8.6M e V .
Experimental results
The upper four panels in For comparison, the result from the βDF of 180 Tl [11] , where the daughter 180 Hg (after β decay of 180 Tl) is the fissioning nu- cleus, is also shown in the bottom panel in Fig. 2 . 1 The measured mass spectrum could be well described with a sum of two Gaussian functions:
where a and σ m represent the peak amplitude and standard de- Present results from fusion-fission reactions (see Fig. 2 ) show that the shape of the deduced FFs mass distributions remains practically unchanged in the studied range of excitation energies and do not transit to a single-Gaussian shape: a finding which is in contrast with what is experimentally known in other mass regions [8, 13, 14] . In particular, it is found that the measured mass distributions for 180 Hg can also be fitted by Eq. (1) with Ā L = 79 and Ā H = 101, for all the excitation energies from E * = 33.4t o 65.5 MeV as shown in Fig. 2 . 2 On the other hand, the growing excitation of the compound nucleus is found to show up in the increase of the standard deviation of the Eq. (1). Fig. 3(a) gives the square of the standard deviation, 1 Comparison of the βDF-MD with the present data should be done with caution, especially at higher beam energies where the MDs are subject of different contributions from the multi-chance fission. For a deeper understanding of the measured MDs, the latter should be decomposed according to the weight of every fission chance. A multi-chance fission weight estimation made with the statistical code HIVAP [26] has indicated that contribution from different chances to the measured MDs remains negligible throughout the range of measured excitations for 180 Hg, whereas for more neutron-rich isotope 190 Hg similar statement holds only at two lower excitation energies. 2 The analysis of the MDs has shown that, for the both studied Hg nuclei, the introduction of a symmetric mode into the fit function Eq. (1) does not improve the fit quality. This however does not exclude the existence of the symmetric mode and its contribution to the measured data, especially at higher excitation energies. Following the prescription made by Itkis [6, 7] , we introduce the so-called "effective excitation energy E * Eff,B f, l " which is the excitation energy of a nucleus measured from the top of the angularmomentum-dependent fission barrier, corrected for the rotational energy and pre-scission neutron emission E eva , given by the following expression:
The fission barrier for the rotating nucleus, produced in fusion reaction, with an average angular momentum l was estimated in the following way:
where the calculated fission barrier at zero angular momentum B f,0 ( 180 Hg) = 9.81 MeV [27] . Reduction of the barrier height due to nuclear rotation B f, l was estimated within the framework of the macroscopic model of rotating nuclei [28] . The average spin l is calculated with the code [29] . Because of possible neutron emission prior to fission, the excitation energy of the fissioning nucleus decreases by E eva . The determination of E eva will be discussed in Section 4. Emission of protons from nuclei prior to fission estimated in statistical calculations with the PACE4 [30] and HIVAP codes [26, 31] was found to be of no importance for the 190 Hg (< 1%) and small for 180 Hg (< 15%); this mode of de-excitation was, hence, not considered in the following.
The data point for 180 Hg from the βDF of 180 Tl is also shown in Fig. 3(a) , where E * max was set equal to the Q value of the β + /EC decay, Q EC ( 180 Tl) = 10.8M e V [12] , which leads to effective excitation energy above the fission barrier of ∼1M e V . The data in Fig. 3(a) are fitted with a linear function constrained to reproduce the value from the βDF of 180 Tl; the fit is shown as the dashed line. The increase of the standard deviation of the mass distribution with excitation energy is a well-known trend for nuclei in the actinide region; its interpretation is given, for example, in the framework of the liquid-drop model [32] .
The present analysis shows that the FFs mass distributions of 180 Hg can be reliably reproduced by Eq. (1) with only a massasymmetric fission mode, at least up to excitation energy of E * = 65.5M e V . The deduced mass asymmetry is comparable to that obtained in the low-energy βDF study.
A similar analysis was done for the reaction 36 Ar + 154 Sm → 190 Hg * , measured up to excitation energies of E * ( 190 Hg) = 70.5M e V , and the results are shown in Fig. 4 . Here again, all measured mass spectra could be represented by Eq. (1), with the mass asymmetry Ā L /Ā H = 83/107. The standard deviation σ 2 m,asym values are shown in Fig. 3(a The total kinetic energy (TKE) delivers information on the Coulomb energy at the scission point. Fig. 5 shows the TKE distributions for the two studied reactions 36 Ar + 144,154 Sm, obtained at the respective lowest incident beam energies. The TKE distributions are found to be structureless and can therefore be reproduced by a single Gaussian function as shown in the figure. The latter fact can be further considered as a confirmation of a singlemode asymmetric fission of both nuclei, similar to the βDF of 180 Tl [10, 11] . In the present study, the most probable value of TKE( 180 Hg) = 131.7(10) MeV was obtained. This value agrees well with TKE = 133.2 (14) MeV derived in the βDF study of 180 Tl [11] , but it deviates by ∼10 MeV from 142.1 MeV expected from the Viola systematics [33] . From the TKE distribution for 190 Hg * measured at E lab = 147.1 MeV (see Fig. 5 ), a TKE( 190 Hg) = 132.5(10) MeV was deduced. This value is about 7M e V lower than TKE = 139.7 MeV expected from the Viola formula [33] .
The excitation energy dependence of the standard deviation of the TKE distribution, σ TKE , is shown in Fig. 3(b) for both studied reactions, as a function of E * Eff,B f, l . The σ TKE values are corrected for the contribution from the experimental resolution σ ela+rec . The dashed line is the result of the fit to the data for the 180 Hg nucleus only, with the constraint to reproduce the data point from the βDF of 180 Tl [10, 11] . As seen from Fig. 3(b) , the data sets for 180, 190 Hg agree well within the indicated uncertainties, with the exception of the point at the highest excitation energy of the 180 Hg nucleus.
Excluding the βDF value from the fit and considering the data from fusion reactions only would give an overall agreement on the twosigma confidence level.
Discussion
Quasifission reactions can potentially be a source of fission events which may to some extent influence the results obtained in the present work. It is known from the literature that no quasifission has been observed in reactions involving spherical nuclei, which is the case for e.g. the 48 Ca + 144 Sm reaction [34] . As soon as at least one of the nuclei is deformed, the FFs associated with quasifission appear in the reactions with sufficiently large Z 1 × Z 2 (charges of interacting nuclei) values, as found in the reaction 48 Ca + 154 Sm [34] , where the 154 Sm nucleus possesses a large static deformation of (β 2 , β 4 ) = (0.27, 0.11) [35] . Specifically in the 48 Ca + 154 Sm reaction, the quasifission products are characterized by a large mass-asymmetry Ā L /Ā H = 62/140, with the probability of the process being inversely proportional to the incident beam energy.
In the present study, a 154 Sm target was bombarded with the 36 Ar beam. As follows from the measured mass distributions (see Fig. 4 ), practically no events with extreme mass-asymmetry have been detected, at all incident beam energies. The same holds for the 36 Ar + 144 Sm reaction. Also, the Gaussian-like TKE distributions for the two studied reactions, 36 Ar + 144,154 Sm, agree within 1M e V at the average value, and practically overlaps with the TKE value from the βDF of 180 Tl, where quasifission is excluded. We thus conclude that mass-asymmetric splits observed in both reactions are exclusively due to fission from the excited compound nuclei.
As mentioned in Section 3, the initial excitation energy of a fissioning system, E * , can be reduced by evaporation of neutrons prior to fission. This energy, E eva , was estimated for every incident beam energy. As shown by the earlier systematical studies [36] the pre-sission neutron multiplicities M pre are expected to linearly increase with excitation energy and atomic number of the compound nucleus, according to the expression:
A value of μ n = 0.075 MeV −1 is commonly used for nuclei with proton number Z CN ranging from 55 to 120 at excitation energies E * < 200 MeV. For nuclei with Z CN = 76-80, the values for the parameters M 0 and Q eff Zcn were derived to be 2.5 and −5M e V , respectively. Within the range of studied excitation energies, the neutron emission is expected to change from M pre = 0 to M pre = 1.63 for 180 Hg and from M pre = 0.57 to M pre = 1.93 for 190 Hg. E eva was then determined from the neutron binding energy and average neutron kinetic energy in the center-of-mass frame calculated with the PACE2 code [30] . The results are summarised in Table 1 .
Our new fission data on the extremely proton-rich mercury nuclei offer a new benchmark for theoretical approaches to fission. After the discovery of the asymmetric fission of 180 Hg, several theory groups made calculations for the mass distribution for 180 Hg Table 1 The mid-target beam energies E lab and respective initial excitation energies E * for the two studied reactions. The columns from 2 to 5 give the calculated values of the average angular momentum l (h), fission barrier height of a rotating nucleus B f, l (MeV), neutron multiplicity M pre , loss of excitation energy due to neutron evaporation E eva (MeV). The last column gives the effective intrinsic excitation energy of a fissioning nucleus relative to the height of the fission barrier, E * Eff,B f, l (MeV). and some of the heavier mercury isotopes. Several studies were based on the analysis of the potential-energy surface of the fissioning nucleus derived either in the macroscopic-microscopic approach [17, 18] , or in the fully-microscopic HFB model [19] . The finite temperature superfluid nuclear density functional theory was applied in [20] . The calculations by the Dubna [21, 22] and Saclay [23] groups were based on a modified scission-point model. An interesting, though a somewhat surprising fact was that all the models were able to reproduce reasonably well observed most probable masses for light and heavy FFs from the low-energy fission of 180 Hg, despite the variety of the model concepts applied.
Concerning the MDs dependence on the excitation energy, the theory works are less numerous. As it has been shown experimentally (see Section 3), the mass asymmetry in fission of 180, 190 Effects of nuclear rotation on the mass-asymmetry degree of freedom were also examined in the above-mentioned model calculations [17, 37] . The rotation was found to have only minor effects on the fragment-mass asymmetry up to spin value as high as 40 h. Table 1 , the average angular momentum l of the systems studied in this experiment is hardly exceeding this value. Therefore, the nuclear rotation cannot be considered as the factor responsible for the mass division.
As shown in
Fission mass asymmetries of 180, 198 Hg and their excitation energy dependence were recently studied by calculating the potential energy with a finite-temperature superfluid nuclear density functional theory, see Fig. 1 of [20] . The authors were able to calculate the total shell correction energy along the symmetric and asymmetric-fission paths in 174, 180, 198 Hg, and they concluded that "... the preference for the asymmetric pathway in 180 Hg is driven by shell effects in pre-scission configuration." Important for the present study, the calculated trend of lowering the fission barrier as a function of the excitation energy (see Fig. 4 of [20] ) was found to be very gentle, thus leading to asymmetric fission at least up to E * ( 180 Hg) = 30 MeV, which was the maximum excitation energy used in the calculations for their Fig. 5 .
This study [20] could also correctly reproduce the transition to a more symmetric fission mass split for 198 Hg, observed earlier in [6] . The 190 Hg nucleus, studied in the present work and situated mid-way between 180 Hg and 198 Hg, shows a mass-asymmetric fission up to high excitation energy, which is similar to 180 Hg, but differs from that of 198 Hg. It would be interesting to see if the theory can reproduce this observation as well.
Conclusions
Fission-fragment mass and total kinetic-energy distributions were determined for the excited 180, 190 Hg nuclei formed in fusion reactions of 36 Ar + 144 Sm and 36 Ar + 154 Sm. The data were obtained in the effective excitation energy range from the top of the fission barrier of 24-41 MeV and 27-38 MeV for 180 Hg and 190 Hg, respectively. The mass distributions for both Hg isotopes could be well reproduced with a single asymmetric fission mode, and the mass asymmetry was found to be constant throughout the measured excitation energy range, for both compound systems. For 180 Hg, the measured mass-asymmetry Ā L /Ā H = 79/101 agrees well with that known from the low-energy β + /EC delayed fission of 180 Tl. For 190 Hg, the mass-asymmetry was found to be Ā L /Ā H = 83/107, having almost the same value ≈ 0.78 as for 180 Hg. The similarity of FFs properties in the studied reactions is seen in the behavior of the width of the mass and TKE distributions, if scaled with the effective intrinsic excitation energy on the top of the fission barrier.
The measured mass asymmetries were compared with several available model calculations. The theory predicts mainly massasymmetric fission of excited 180, 190 Hg nuclei, with the massasymmetry showing minor changes with excitation energy; we find these expectations in overall agreement with the experiment. This is a remarkable result, taking into consideration very different model assumptions. Assuming that the mass asymmetry in fission is governed by microscopic shell effects, one comes to the conclusion that, in the studied cases of the 180, 190 Hg isotopes, these shell effects should be robust at least up to initial excitation energy of a nucleus up to about E * Eff,B f, l = 40 MeV. This conjecture is in sharp contrast to what is known in other regions, e.g. for fission of the heavy actinides, where shell effects are quickly washed out with increase of excitation energy. To conclude, we strongly believe that it is important to extend such studies, both experimental and theoretical, to other neutron-deficient nuclei in this interesting and hardly-studied region, as far as fission is concerned.
